The three isomers 1,2-, 1,3-and 1,4-phenylenediacetic acids (1,2-, 1,3-and 1,4-pdaH2) have been used to synthesize 16 uranyl ion complexes under solvo-hydrothermal conditions and in the presence of various coligands and organic counterions. The two neutral and homoleptic complexes [UO2(1,2-pda)]CH3CN (1) and [UO2(1,3-pda)] (2) crystallize as diperiodic assemblies with slightly different coordination modes of the ligands, but the same sql topology. Introduction of the coordinating solvents N-methyl-2-pyrrolidone (NMP) or N,Nʹdimethylpropyleneurea (DMPU) in the uranyl coordination sphere produces the four complexes [UO2(1,2pda)(DMPU)] (3), [UO2(1,3-pda)(NMP)] (4), [UO2(1,4-pda)(NMP)] (5), and [UO2(1,4-pda)(DMPU)] (6), which are either monoperiodic (4) or diperiodic species with the fes (3 and 5) or 3,4L13 (6) topology. The presence of dimethylammonium cations is associated with the formation of ladder-like monoperiodic polymers with the 1,2 isomer in the complexes [H2NMe2]2[(UO2)2(1,2-pda)3]H2O (7) and [H2NMe2]2[(UO2)2(1,2-pda)3]3H2O (8), while a conformational change giving the 1,3 and 1,4 isomers a pincer-like geometry favors the formation of dinuclear ring subunits assembled into daisychain-like monoperiodic polymers in [H2NMe2]2[(UO2)2(1,3-pda)3]0.5H2O (9), [H2NMe2]2[(UO2)2(1,4-pda)3] (10), and the mixed-ligand species [H2NMe2]2[(UO2)2(1,2-pda)(1,4-pda)2] (11). The unique complex including guanidinium cations, [C(NH2)3]2[(UO2)2(1,2-pda)3]0.5H2OCH3CN (12), crystallizes as a diperiodic polymer with the hcb topology. Due to differences in ligand conformations, the phosphoniumcontaining complexes [PPh3Me]2[(UO2)2(1,3-pda)3] (13) and [PPh4]2[(UO2)2(1,4-pda)3] (14) contain ladder-like and daisychain-like monoperiodic polymers, respectively, while only the latter geometry is found in the mixedcation complexes [PPh3Me][H2NMe2][(UO2)2(1,4-pda)3]H2O (15) and [PPh3Me][H2NMe2][(UO2)2(1,2-pda)(1,4pda)2] (16). The influence of ligand conformation and the structure-directing effects of coligands and counterions throughout the series are discussed. The uranyl emission spectra of 14 of the complexes display the usual vibronic fine structure, the peak positions being dependent on the number of equatorial donors.
INTRODUCTION
Although they are attractive and readily available ligands, the three isomeric 1,2-, 1,3-and 1,4phenylenediacetates (1,2-, 1,3-and 1,4-pda 2-) are newcomers in the field of uranyl-organic coordination polymer [1] [2] [3] [4] [5] and porous frameworks [6] [7] [8] studies, in which polycarboxylates are staple assemblers, and they have been the subject of only two reports up to now. 9, 10 These anions unite a rigid phenylenic platform and two flexible arms, thus displaying a greater geometric variety than the phenylenedicarboxylate analogues, while, as with the latter, the existence of three isomeric forms allows for an assessment of the effect of the variable separation between the coordinating groups on the periodicity and topology of the assemblies formed. We have previously reported mono-or diperiodic (denoted 1D or 2D for convenience) coordination polymers based on these ligands, the 1D chains having in some cases a tubelike shape, which incorporate diverse organic or metal-containing counterions, particularly those of the form [M(L)n] q+ , in which M = transition metal cation, L = 2,2ʹ-bipyridine (bipy) or 1,10phenanthroline (phen), n = 2 or 3, and q = 1 or 2, and Ni II or Cu II complexes with azamacrocycles, as well as Pb II cations. 9, 10 Overall, all three ligands have a strong tendency to favour the formation of 1D polymers, no higher periodicity having been obtained with 1,2-pda 2- alone (not associated with 1,4-pda 2-) in particular. Both 1,3-and 1,4-pda 2were shown to give some examples of 2D networks with separate [M(L)n] q+ counterions, in which case they display topologies of the hcb type or derived from it, with 2-fold interpenetration in one case. Another example of a 2D assembly involves 1,3-pda 2and [Ni(cyclam)] 2+ counterions (cyclam = 1,4,8,11-tetraazacyclotetradecane), the Ni II cations linking triple-stranded ribbons and being thus part of the polymeric assembly. Heterometallic 2D networks including additional Pb II cations were also found with both 1,3-and 1,4-pda 2-. In order to examine further the effect of counterions on the nature of the polymers formed with these three ligands, we have now synthesized 16 complexes which are either neutral, some of them involving coordinated solvent 3 molecules (N-methyl-2-pyrrolidone or N,Nʹ-dimethylpropyleneurea), or anionic, the latter being associated with dimethylammonium, guanidinium, or phosphonium (PPh3Me + , PPh4 + ) counterions, or mixtures thereof. These complexes, which have been characterized by their crystal structure and, in all but two cases, by their emission spectrum in the solid state, are most often 1D species, but here also examples of 2D polymerization are found, in particular the first such species involving the 1,2 isomer alone.
EXPERIMENTAL SECTION
Syntheses. Caution! Uranium is a radioactive and chemically toxic element, and uranium-containing samples must be handled with suitable care and protection.
UO2(NO3)2·6H2O (depleted uranium, R. P. Normapur, 99%) was purchased from Prolabo, and 1,2-, 1,3-and 1,4-phenylenediacetic acids were from Aldrich. Elemental analyses were performed by MEDAC Ltd. at Chobham, UK. For all syntheses, the mixtures of UO2(NO3)2·6H2O (50 mg, 0.10 mmol for 3-7 and 10; 35 mg, 0.07 mmol for all other compounds), dicarboxylic acid (20 mg, 0.10 mmol in the general case; 10 mg, 0.05 mmol of each of the two acids for 11 and 16), and additional reactants (0.10 mmol) in demineralized water (0.7 mL) and organic solvent (0.2 mL) were placed in 10 mL tightly closed glass vessels and heated at 140 °C under autogenous pressure. The crystals were grown in the hot, pressurized solutions. A summary of the synthesis conditions (cosolvent, additional reactants, heating duration and yield based on U), and elemental analytical results is given in Table 1 . Crystallography. The data were collected at 100(2) K on a Nonius Kappa-CCD area detector diffractometer 11 using graphite-monochromated Mo K radiation ( = 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then refined on all data. The data (combinations of -and -scans with a minimum redundancy of 4 for 90% of the reflections) were processed with HKL2000. 12 Absorption effects were corrected empirically with the program SCALEPACK. 12 The structures were solved by intrinsic phasing with SHELXT, 13 expanded by subsequent difference Fourier synthesis and refined by fullmatrix least-squares on F 2 with SHELXL-2014. 14 All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms bound to oxygen and nitrogen atoms were retrieved from difference Fourier maps when possible, or in some cases introduced at calculated positions, as were the carbon-bound hydrogen atoms; all were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). In complex 10, the nitrogen atom of one dimethylammonium counterion is disordered over two positions which were refined with occupancy parameters constrained to sum to unity, and the other two dimethylammonium cations are disordered around inversion centers. In complex 13, the aromatic ring of one of the dicarboxylate ligands is disordered over two positions related by inversion. The Flack parameter values of 0.258 (12) for 8, 0.494(8) for 11, and 0.508(11) for 12 are indicative of inversion twinning. 2-Component twinning in 16 was detected with TwinRotMat (PLATON 15 ) and was taken into account.
Crystal data and structure refinement parameters are given in Table 2 . The molecular plots (all with displacement ellipsoids drawn at the 50% probability level) were drawn with ORTEP-3, 16 and the polyhedral representations with VESTA (Version 3.4.4). 17 The topological analyses were conducted with ToposPro. 18 Luminescence Measurements. Emission spectra were recorded on solid samples using a Horiba-Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp, double-grating excitation and emission monochromators (2.1 nm/mm of dispersion; 1200 grooves/mm) and a TBX-04 single photon-counting detector. The powdered compounds were pressed to the wall of a quartz tube, and the measurements were performed using the right angle mode. An excitation wavelength of 420 nm, a commonly used point although only part of a broad manifold, was used in all cases and the emission was monitored between 450 and 650 nm. The quantum yield measurements were performed by using a Hamamatsu Quantaurus C11347 absolute photoluminescence quantum yield spectrometer and exciting the sample between 300 and 400 nm. 19, 20 whereas few cases of uranyl bonding to DMPU are known. [21] [22] [23] Where the intention was to synthesize a neutral complex including a coordinated solvent molecule, the uranyl/H2pda ratio in the synthesis was 1:1, but this ratio is found in the crystallized product for complexes 3-6 only, since DMF is not present in 7 and 10 other than as its degradation product, dimethylammonium, and the ratio in these complexes is 2:3 accordingly. In all other cases, the uranyl/H2pda ratio in the synthesis was 7:10 in order to favour the formation of an anionic species and inclusion of structure-directing counterions, and the expected 2:3 ratio is found indeed in all the resulting complexes, except for 1 and 2 which are neutral 1:1 species. It thus appears that, on the whole and in spite of the inherent unpredictability of solvo-hydrothermal methods, the stoichiometry of the complexes formed with these ligands can be controlled to a certain degree. Figure 6 ). This difference arises from the different conformation assumed by Packing with the chains viewed side-on in 9 (g), 10 (h), and 11 (i). the 1,3-pda 2-(9) or 1,4-pda 2-(10 and 11) ligands in the doubly-bridged dimeric units, which is "cis" and pincer-like, with the two arms pointing on the same side of the aromatic ring. Similar (UO2)2(1,4-pda)2 rings have previously been found as subunits in different 1D or 2D assemblies. 9, 10 This difference in conformation between the 1,2-pda 2ligand in 7 and 8 and the 1,3-and 1,4-pda 2ligands here is probably due to the reduced repulsion between the ring substituents in the latter. The 1,3-pda 2ligands which connect these dinuclear rings in 9 are in the trans conformation, and the chains are linear as consequence, while the 1,4-pda 2connecting ligands in 10 are also cis, which gives the chain a zigzag shape. In 11, the 1,2-pda 2ligands connect the (UO2)2(1,4-pda)2 rings and they have a conformation in which one of the arms straddles the aromatic ring plane, as in complex 3, which again gives the chain a zigzag shape.
It is notable that 11 is the second case of a complex containing both the 1,2 and 1,4 isomers, after a complex with the same stoichiometry crystallizing as a 2D network. 10 direction. The uranium atoms are 3-c nodes and the ligands simple links, the point symbol being {6 3 } and the topological type the very common hcb (Figure 2 ). The arrangement of the nodes is hexagonal, but since only three aromatic rings are pointing toward the centre of each hexagonal cell, the appearance is that of a triangular arrangement, as previously found for example in a uranyl complex with 1,3-benzenedicarboxylate. 29 The symmetry of the network is also reduced by the fact that each cell includes two cations and one molecule of acetonitrile in its three lobes, these moieties being strongly inclined with respect to the cell plane, and by the mixed conformations of the bridging ligands, where four are of one chirality and two are of The PP separations are larger than 9.6 Å, and no phenyl embrace interaction is apparent. As usual, the packing (KPI 0.68) displays numerous CHO and CH interactions.
As previously noted, 10 of 1,2-pda 2the smallest chelate ring that could be formed if both carboxylates were to bind to one metal ion would be 9-membered, a situation which is unknown in uranyl carboxylate systems except for conformationally restricted ligands, 31 (6) . It is notable that the majority of diperiodic arrangements have been found within this group of neutral complexes, with only one example in an anionic complex involving the guanidinium counterion (12) . Dimethylammonium and phosphonium cations, either alone or together, promote the formation of monoperiodic polymers with ladder-like or daisychain-like geometry. The dinuclear rings present in the latter are closely associated either with methyl groups of PPh3Me + cations in 13 or with hydrogen bonded ammonium cations in the other cases, so that this frequent arrangement is not selectively promoted by one particular cation.
In combination with our previous work, 9, 10 consideration that this flexibility could be used to minimise repulsion between like charges leads to the conclusion that the most favoured conformation for all three isomeric ligands would be the trans form, while a cis conformation would be unfavourable. Since the barrier to rotation about a simple C-C single bond is typically ~12 kJ mol -1 , 32 and is an energy spanned by that of hydrogen bonds, which range from ~12 kJ mol -1 for a weak interaction such as CHO, 27 to >100 kJ mol -1 for a strong interaction such as OHO, 33, 34 it might be anticipated that any deviation from a trans form might be associated with such interactions. This, no doubt, is an oversimplified argument, given, for example, that the carboxylate group is not a sphere of negative charge and its coordination would drastically modify repulsion effects, but has proved to be a useful starting point for analysis of all 40 structures referred to above.
The pda 2ligand conformations found in the 40 structures are depicted in Figure S1 (Supplementary Information). In many instances, the structures contain inequivalent ligand sites associated with very slight as well as major conformational differences but as a broad generalisation it can be said that nearly all conformers have essentially either a cis or trans In the two complexes 7 and 8, what is notable is that the same polymer, with ligands in a trans conformation, is present despite rather different hydrogen bonding arrays involving the cation and water binding to carboxylate oxygen atoms independently in the case of the monohydrate or jointly, in the case of the trihydrate. The extensive hydrogen bonding must have an influence on the structure but in neither case does it involve bridging of carboxylate oxygen atoms of one particular ligand unit, bridging which could have some influence on the ligand conformation. However, in the structure of 12, where each of the four inequivalent guanidinium cations is involved in six hydrogen bonds, largely to carboxylate groups, there is one case of such bridging and it does not appear to have an influence on the ligand conformation, as this ligand has essentially a trans form ( Figure S4 ). This could, of course, simply mean that the trans conformation is suited to bridging by a properly oriented guanidinium ion amino group, a conclusion supported by the fact that in [Zn(phen)3][(UO2)2(1,2-pda)3]7H2O, 9 where again only the trans conformation is found, there is bridging not by a single water molecule but by a group of three able to span the relatively distant carboxylate sites.
The structure of the complex [UO2(1,2-pda)2Zn(phen)2]2H2O 9 shows that the 1,2-pda 2- ligand which bridges uranium centres has a conformation intermediate between cis and trans and that carboxylate oxygen atoms of this ligand are bridged by a pair of water molecules, one of these water molecules also bridging the coordination spheres of the U VI and Zn II centres linked by a trans-form ligand. What is thus taken to perturb the conformation of the first ligand is its CHπ interaction with a phen ligand on Zn II in an adjacent polymer chain. 10 Since it is associated with complex units in which the ligands have both cis and trans conformations, at first sight it does not appear to be a factor directly influencing the conformation. However, there are six ligands with a cis conformation and these form three pairs which are linked into 18-membered rings by two uranyl ions, the rings having a cup-like shape surrounding an ammonium ion poised above the centroids of the two facing phenyl rings ( Figure S5 ). While the centroidN distances are near 3.8 Å and thus rather long for any strong interaction, it appears that N + π interactions could be the reason for the adoption of the cis conformation of the ligands. As a small cation, ammonium ion may have a unique role in this regard.
The greater separation of the substituents in 1,3-pda 2relative to that in 1,2-pda 2- should mean that any effects of substituent repulsion would be diminished, even if a trans conformation would be preferred on this basis alone. In fact, although in the majority of known structures, 1,3-pda 2adopts conformations better described as trans rather than cis, there are several instances, found in 9, 13, [Zn(bipy)3][(UO2)2(1,3-pda)3], 9 and [UO2Pb(1,3pda)2(phen)], 10 where at least one of the inequivalent ligand units in the structure has a cis conformation. In all four, these cis ligands are involved as pairs in the formation of di-or tetra- where methyl groups of simple species such as tetramethylammonium can be found within the cavity lined by aromatic groups. 35 Luminescence Properties. Emission spectra under excitation at 420 nm were recorded in the solid state for all complexes except 9 and 16, for which the quantity available was insufficient, and they are represented in Figure 10 . In the absence of transition metal cations which often induce quenching of uranyl emission, all spectra display the usual series of wellresolved peaks associated with the vibronic progression corresponding to the S11  S00 and S10  S0 ( = 0-4) electronic transitions. 36 The spectra of complexes 2-6, in which the uranyl Figure 10 . Normalized emission spectra for the complexes with O5 (a) or O6 (b) equatorial environments, recorded in the solid state at room temperature under excitation at a wavelength of 420 nm. cation has five equatorial oxygen donors (O5), are shown in Figure 10a , and those of complexes 1 and 7, 8, and 10-15, in which there are six equatorial donors (O6) are shown in Figure 10b .
The spectra of complexes 3-6, in which the uranyl cation has the same environment of four carboxylate oxygen atoms (two of them in a chelating group) and one oxygen from NMP or DMPU, have maxima positions for the four S10  S0 ( = 0-4) peaks located at 490-494, 511-515, 534-537, and 559-562 nm, 6 being the most, and 4 the less red-shifted. These values are in agreement with those generally found for uranyl carboxylate complexes with O5 environments, although at the lower end of the usual range, 37 but the maxima for complex 2 are distinctly blue-shifted, at 483, 501, 518, and 542 nm. The uranyl cation is tris-chelated in all complexes with O6 environment, the geometry being thus pseudo-trigonal, except for 1, in which there are two inversion-related chelating groups and two monodentate donors. It appears that all tris-chelated complexes have virtually superimposable emission spectra, with the four S10  S0 peaks located at 480-482, 500-502, 522-524, and 545-548 nm, these values being here also in agreement with those generally found for uranyl carboxylate complexes with O6 environments, 37 while the positions for complex 1 are redshifted by 9 nm. The usual trend in the evolution of maxima positions with number of equatorial donors is thus found here, except for complexes 1 and 2, which have the peculiarity in the present series to be the only ones containing close uranyl dimers (2) or chains (1), a difference which, in the absence of any other obvious factor, may be supposed to be the origin of the discrepancy. Solid-state photoluminescence quantum yields (PLQYs) have been measured for several complexes. Those for 1-3, 5, 6, 10 and 12 are low (1%), but larger values have been measured for 8 (2.5%), 15
(3.3%), 7 (7.2%), 14 (7.4%) and particularly 11 (14%). This range of values is similar to those previously found in related complexes, 9, 10 larger values in uranyl carboxylate complexes being uncommon. 38,39
36

CONCLUSIONS
We have reported the synthesis, crystal structure and (but for two cases) emission spectrum of 16 uranyl ion complexes with 1,2-, 1,3 or 1,4-phenylenediacetate ligands. As in previous work with these dicarboxylates, monoperiodic coordination polymers are frequently formed, in particular in the anionic complexes with dimethylammonium or phosphonium counterions, but several diperiodic arrangements have been found in neutral complexes and in one anionic species with guanidinium counterions. These networks display diverse topological types, sql, fes, hcb, or 3,4L13, depending on the ligand isomer considered and the additional species 
